Abstract: Agricultural intensification in the mountains of Central America has increased soil vulnerability to erosion by water. This study was undertaken to analyse the erosion that affects the mixed cultivation of maize and beans at two stages of the crop development cycle (at 3 and 6 months after sowing) in southern Guatemala, together with the influence of the ground and crop canopy vegetal cover on soil erosion. The main aim of this analysis is to establish the soil erosion threshold enabling sustainable agriculture. The results obtained show that the soil surface was severely eroded, with mean values of area affected of 88.4% and 73.5% at 3 and 6 months, respectively. In the 3-month plots, the erosion bore scant relation to the factors analysed. Conversely, the area affected by soil erosion in the 6-month plots was significantly related to the degree of ground cover by weeds and litter, and the erosion threshold was located at 80% of vegetal cover. However, plots with this level of cover did not achieve effective erosion control, due to the low level of plant litter cover (15.7%) compared to that of weeds (75.5%). We conclude that this low content of vegetal residue in the soil, together with the tillage practices employed, explains the large surface area affected by erosion and the impossibility of establishing an erosion threshold.
Introduction
Maize (Zea mays L.) and beans (Phaseolus vulgaris L.) are staple foods in Central America [1] and are the two most important crops in the region, far ahead of coffee and cocoa, the main export crops. Over the last 53 years, the cultivation of maize in Central America has expanded in the region, and nearly nine million hectares of farmland are currently dedicated to this crop (increasing from 7.67 million hectares in 1961 to 8.93 million hectares in 2014, with an annual growth of 0.29%) [2] . For the same period, the cultivated area of bean (dry and green) increased from 1.89 million to 2.47 million hectares (annual growth of 0.51%). Moreover, this increase was accompanied by increased productivity. The yield of maize cultivation rose at an average annual rate of 2.17%, from 974 to 3037 kg ha −1 between 1961 and 2014. For beans, the rate of increase was irregular, with the productivity of dry beans increasing by 1.0% per year, from 466 to 791 kg ha −1 , while that of green beans increased much faster, at 3.44% per year, from 1498 to 8992 kg ha −1 . The intensification of agriculture in Central America, and in Guatemala in particular, has been analysed by Klepek [3] , who highlighted the technological "Green Revolution", which began in the 1950s with US development aid, in a Cold War context of geopolitical tension. Apart from the characteristics affecting specific regions of the planet, agricultural intensification is a global phenomenon [4] , and appears likely to continue in the coming decades, according to FAO forecasts, which suggest that by 2050 more than 80% of the world's agricultural production growth will have resulted from the increased productivity of land currently under cultivation [5] .
The intensification of agricultural activity in Central America has profoundly changed maize and bean cultivation systems in the region. With respect to soil and biomass management, the traditional system, based on shifting cultivation patterns and on no-tillage farming, has given way to a new model characterised by permanent agriculture and by tillage using ploughs or hoes. Soil erosion by water is a major problem in tropical mountain areas [6] [7] [8] and the above-described changes in the agricultural system have aggravated this problem [9] . The new model has replaced woodland fallow with (mainly inorganic) fertilisation, which meets the immediate needs of crops, but does not compensate for the losses of organic matter from the soil due to mineralisation. Accordingly, there may be decreased stability of aggregates and greater vulnerability to soil erosion [10] . Tillage also facilitates the mineralisation of organic matter, especially in tropical conditions [11] , and provokes similarly negative consequences.
From the economic and social standpoint, this soil degradation provokes the loss of the most fertile layers of soil, and thus reduces crop productivity [12] [13] [14] . Agriculture is the means of livelihood for many families of small and medium-scale producers living in these mountainous areas, and its sustainability is threatened by the degradation of resources [15] . Moreover, this circumstance may be aggravated in coming years by climate change. In recent years, temperatures have increased and there has been a higher intensity of precipitation-drought extreme events in the wet and dry regions, respectively, of Central America [16, 17] , a tendency that is expected to continue [18] . Furthermore, and especially relevant to the present study, climate models suggest that the isthmus will experience a greater frequency and intensity of extreme rainfall events in the form of hurricanes and tropical storms [17] . This outcome is predicted to affect all the tropical zones of the planet, with rising sea surface temperatures being the main cause of this process [19] .
Over time, these changes may have severe environmental and economic consequences. In particular, extreme rainfall events can produce significant environmental impacts, greatly increasing the risk of erosion [17, 20] , especially in mountain soils where vulnerability is most acute. In economic terms, a general loss of agricultural production is expected [17, 21, 22] , affecting the cultivation of maize in particular [23] .
In view of the uncertain environmental and economic context of Central America, measures must be taken to prevent erosion and the loss of soil fertility. With this aim in mind, studies have examined erodibility factors (both environmental and specifically with respect to agricultural management) to determine the erosion threshold [24, 25] . This concept, which has been defined as "the value (of the erodibility factor) beyond which the effective control of erosion is achieved" [26] , is of particular interest for practical purposes because it can be used to improve the planning of agricultural activity, from the viewpoint of soil conservation, which is in line with the goals of UNEP [27] . Specifically for Latin America, knowledge of erosion thresholds could provide useful means of monitoring and responding to soil degradation, in actions such as those described by Lee et al. [22] , who sought to design strategies for local development in which climate change effects were taken into account. The need for such strategies had previously been highlighted by Eakin and Lemos [28, 29] . With respect to the methods to be employed in these strategies, the erosion threshold can be used to complement the Visual Soil Assessment method [30] , thus facilitating decision making aimed at sustainable land use.
Soil erosion by water depends, among other factors, on the types of crops involved and the different levels of vegetal cover they provide [31] . The case of annual crops is particularly significant because they may experience significant differences in cover during the agricultural cycle, and therefore the impact of erosion may vary depending on the stage of development of this type of crop. Determining the erosion threshold in annual crops is especially complex because it requires taking into account different conditions of development and cover during the agricultural cycle.
The present study has the following aims, (1) to compare values for soil erosion by water at two stages of the crop development cycle (at 3 and 6 months after sowing) in the mixed cultivation of maize (Zea mays L.) and beans (Phaseolus vulgaris L.) and (2) to analyse the influence of the ground and crop canopy vegetal cover on this erosion and to determine soil erosion thresholds by means of the factors cited above.
Materials and Methods

Site Characteristics
The study was carried out in 2016 on 43 sample plots of maize and bean cultivation, belonging to smallholders and located in the former woodlands of the mountains of Patzun (14 • The climate is tropical subhumid, with an average annual precipitation of 1050 mm and marked seasonality. The rainy season is April to November and the remaining months are dry. The rainfall intensity measured during the study period did not vary significantly from the average value. The mean annual air temperature ranges from 18 to 21 • C. The soils in this area are classified as Mollic Andosols [32] , with mainly clay loam texture (24.9 ± 1.9% clay, 23.9 ± 1.2% fine silt, 9.1 ± 1.3% coarse silt, 42.1 ± 2.1% sand), with 24.5 ± 1.4 g kg −1 organic carbon, 12.4 ± 8.2 g kg −1 equivalent calcic carbonate, 17.1 ± 1 meq 100 gr −1 cationic exchange capacity, and 78.6 ± 3.4% base saturation rate. The study plots had a slope gradient of 12 to 52% (mean value 38 ± 1.8%).
Tillage and Crop Management
The agricultural system commonly applied in the region consists of the mixed cultivation of criollo maize (Zea mays L.) and Parramos criollo beans (Phaseolus vulgaris L.). The sowing of maize and bean is done by hoe, after the first rains, between April and May, but if these are delayed the sowing period can be extended until June. The sowing is performed at a ratio of five seeds of maize to two of beans. The interplant distance is 1 m (in the maize-bean rows) and 1.1 m (in the inter-rows), which results in a density of about 9000 crop points (~9000 points × 5 plants ≈ 45,000 maize plants ha −1 , 9000 points × 2 plants ≈ 18,000 bean plants ha −1 ). The maize, with a crop cycle of 8 months, is harvested from November to February, depending on the date of sowing. Bean has a 5-month cycle and is harvested from September to November, according to the date of sowing.
Weed control is performed by hoe and consists of two to three sessions during the cycle (w-f in Figure 2 ), according to the start date and regularity of the rains. The first task is mainly weeding but may also involve earthing up the milpa (maize field). This is usually done in June-July, or even in late May if sowing took place early. The second and third stages of weeding and earthing up are performed in July-August and August-September, respectively (Figure 2 ). After harvesting, the maize and bean residues are usually left on the soil surface and burned just before sowing in the next crop cycle. Coinciding with the weed control, two or three applications of 400 kg ha −1 of NPK fertiliser are made (20:20:0 in the first stage and 15:15:15 in the second and also in the third, if performed) ( Figure 2 ).
The present study was conducted during two stages of the crop cycle. The first sampling was carried out at 3 months (on average) after sowing, between mid-July and early August, coinciding with phenological stage 6 ("Flowering, anthesis") of the BBCH (Biologische Bundesanstalt, Bundessortenamt and Chemical industry) scale [33] . This sampling took place in plots where a second weed control had recently been performed (5-20 days later) (Figure 2 ). During this stage, the soil is more vulnerable to erosion due to the elimination of vegetal cover and the alteration of the soil. The second sampling took place at 6 months (on average), in the final stage of crop development and before harvesting, between mid-October and early November, which corresponds to stage 7 ("Development of fruit") of the BBCH scale [33] . This sampling reflected a period in which no weed control was performed, for at least one month (Figure 2) , and so the soil was more protected against erosion. 
Methods
The method described by Blanco [26] was used to analyse the area affected by soil erosion (as % of land area affected by the different surface processes) and soil loss (in m 3 ha −1 ) and to determine the corresponding erosion threshold (ET). Surface processes affecting the soil were identified using the visual indicators listed in Table 1 . Figure 3 shows the visual indicators of common surface processes in maize-bean crop cultivation. The sample plots illustrated coincide with the cultivation plots. For each plot, three transects were used to analyse the area affected by soil erosion and three grids were used for soil loss analysis. All transects and grids were located at distances from point 0 of the plot (measured on both the x-axis and the y-axis) determined randomly by the blind extraction of numbered balls (Figure 4 ). The 10 m long transects were divided into regular sections of 0.25 m for data collection (in total, 40 sampling points per transect). At each point (over a surface area of 1 cm 2 ), the surface process affecting the soil was determined, together with the soil cover (distinguishing between bare soil, weeds, and litter layer) and the cover provided by the maize and bean plants. The slope gradient was measured by a manual clinometer. The grid size was 3 × 3 m. The rills and gullies observed within the grid were measured (length, width, and depth) to calculate the volume of soil loss, assuming the cross sections of the rills and gullies were geometrically shaped [34, 35] . Further details of the sampling process are given by Blanco [26] . The erosion threshold is defined as "the value (of the erodibility factor) beyond which effective control of erosion is achieved" [26] , and is determined by analysis of the variance. The analysis process is described in the paper cited. To assess whether the erosion threshold reflects effective erosion control, we applied a verification method to assess the intensity of erosion by means of a qualitative classification (Table 2) . Table 2 . Qualitative classification of the evaluation of the intensity of soil erosion by water [26] .
Class (cod)
Intensity of Erosion Explanation 0 None/very slight
The soil is not affected or is only slightly affected by erosion. In the latter case, it is not immediately apparent. Evidence of erosion is occasional and only present in certain specific places, such as at the base of trees, bushes, or rocks.
Slight
The soil is somewhat affected by erosion, and this is clearly visible throughout the plot. The evidence of erosion is more widespread and also more apparent than in the previous case, but is only clearly concentrated in very specific locations.
Moderate
The soil is clearly affected by a moderate degree of erosion. Evidence of erosion is widespread and may be concentrated at any point on the plot, but the majority of the surface area remains unaffected by erosion.
3 Severe The soil is strongly affected by erosion. The majority of the surface area is affected by erosion (in case of doubt, the plot is classified as Class 2).
Analysis of variance (Kruskal-Wallis and Mann-Whitney tests), bivariate correlation analysis (Spearman correlation coefficient, Rho), and multiple linear regression analysis (stepwise method) were used to analyse the results obtained.
Results
Crop Canopy and Ground Cover
The total overlap cover (sum of crop canopy and ground vegetal cover) presented important differences between the two stages of the agricultural cycle: 52.2 ± 3.8% at 3 months and 88.6 ± 5.1% at 6 months. The cover provided by maize and beans was 28.1 ± 2.0% at 3 months and 38.8 ± 2.5% at 6 months. The ground cover (provided by weeds and plant litter) also varied significantly between the two stages of the crop cycle: 24 ± 2.9% at 3 months and 49.7 ± 4.4% at 6 months. The largest differences were observed in the cover provided by weeds (11.9 ± 2.2% at 3 months and 36.4 ± 4.4% at 6 months), while the plant litter presented similar values in both periods (12.2 ± 1.5% and 13.3 ± 1.9% at 3 and 6 months, respectively) ( Table 3 ). The 3-month plots presented less ground cover because this was the stage of the crop cycle in which weeding takes place. In contrast, the 6-month plots were examined at the final stage of the crop, when weeding was no longer carried out because weeds did not threaten the development of the maize and beans. Table 3 . Crop canopy and ground cover of the mixed cultivation of maize and beans at two stages of the agricultural cycle (at 3 and 6 months after sowing) (n = 43). 
Soil Erosion at 3 and 6 Months after Sowing
The results of the Mann-Whitney test indicated significant differences in erosion, at a confidence interval of 99% (U = 498.0, p < 0.001), between the two stages of the cultivation cycle. Among the 3-month maize-bean crops, 88.4 ± 1.6% of the mean surface area was affected by erosion, while at 6 months, the area of land affected by erosion had fallen to 73.5 ± 3.0% (Table 4, Figure 5 ). The main type of erosion highlighted by the analyses was sheet erosion on soil that had been altered by tillage (Hs) (50.5 ± 1.9% and 51.9 ± 2.0%); this was followed, with a much smaller degree of effect, by splash erosion (Hi) (15.2 ± 2.9% and 12.3 ± 2.2%). In the 3-month stage, only 11.6 ± 1.6% of the study area was free of erosion, and of this proportion only 3.4 ± 0.7% was protected by plant litter cover (Nl). By contrast, in the 6-month stage the plots were less affected by erosion. In this case, 24.0 ± 3.0% of the surface area was unaffected by erosion, and of this proportion, 12.6 ± 1.9% was protected by plant litter cover. The soil loss observed was by rill erosion and was slight and widely dispersed, between 1.5 ± 0.6 m 3 ha −1 and 3.8 ± 1.6 m 3 ha −1 at 3 and 6 months, respectively. Table 4 . Surface processes that affected the soil at two stages of the maize-bean cultivation cycle (at 3 and 6 months after sowing) (n = 43). No evidence of erosion beneath cover of weeds (%) Nw 1.1 ± 0.6 9.3 ± 1.9
Surface Processes and Actions
No evidence of erosion beneath litter layer (%) Nl 3.4 ± 0.7 12.6 ± 1.9
Other topsoil characteristics (stones) (%) Or 0 2.5 ± 0.6
Area affected by soil erosion (total) (%) Et 88.4 ± 1.6 73.5 ± 3.0 Area presenting no evidence of erosion (total) (%) Ene 11.6 ± 1.6 24.0 ± 3.0 Soil loss (m 3 ha −1 ) Esl 1.5 ± 0.6 3.8 ± 1.6 Figure 5 . Area of soil surface affected by erosion in maize-bean cultures at 3 and 6 months after sowing (n = 43). Values are mean ± standard error.
Erosion-Related Soil Cover Variables
Correlation and regression analysis of the variables revealed significant differences between the two stages of the cultivation cycle. At the 3-month stage, the area affected by soil erosion was significantly correlated with crop canopy cover (Rho = −0.32, p < 0.05), with ground cover by weeds (Rho = −0.35, p < 0.05) and with the crop canopy and ground cover (Rho = −0.39, p < 0.05) ( Table 5 ). At the 6-month stage, erosion in the plots was significantly correlated with ground cover by weeds (Rho = −0.75, p < 0.01), with the crop canopy and ground cover (Rho = −0.85, p < 0.01), and with the ground cover by weeds and litter (Rho = −0.86, p < 0.01) (Table 5 ). However, the regression analysis did not confirm the impact on erosion of these variables in the 3-month stage. The coefficients of determination (R 2 ) were very low (0.11, 0.10, and 0.14), although the significance was p < 0.05 ( Figure 6 ). In contrast, the regression analysis did confirm the impact on erosion of the weed layer and of the total plant cover at the 6-month stage. The best equation thus obtained presented a coefficient of determination (R 2 ) of 0.73 (p < 0.001) between the ground cover (sum of weeds and litter) and soil erosion, with an inverse linear relationship ( Figure 6 ). Soil loss was not correlated with any of the variables analysed (Table 5) . Table 5 . Correlation between soil erosion and vegetal cover of the maize-bean cultivation plots at 3 and 6 months after sowing (n = 43). Figure 6 . Relationships between erosion-related soil cover variables and the soil surface area affected by erosion in the maize-bean cultivation plots at 3 and 6 months after sowing.
Et
Erosion Threshold in Relation to the Ground Cover by Weeds and Litter in Maize-Bean Crops at 6 Months after Sowing
The analysis of variance revealed statistically significant differences (99% confidence ) between erosion and soil cover by weeds and litter (chi-square = 28.67, p < 0.001) (Table 6 ), clearly showing that the area affected by soil erosion falls as the plant cover of the soil increases (Figure 7) . Thus, soils with less than 20% cover had the largest eroded area (91.5 ± 3.3%). These were followed by soils with 20 to 60% cover, where erosion did not fall below 75%. This level of erosion fell to 64.3 ± 5.0% in the soils with 60 to 80% cover and to 44.0 ± 4.0% with >80% cover. Table 6 . Kruskall-Wallis test of the relation between area affected by soil erosion and ground cover by weeds and litter (grouping variable) in maize-bean cultivation plots at 6 months after sowing. The Mann-Whitney test of the relationship between area affected by soil erosion and pairs of total soil cover intervals indicated that erosion differences were statistically more significant at the 80% cover threshold (Pair 4, p = 0.007) ( Table 7) . Therefore, this value for soil cover can be taken as the threshold above which erosion is significantly reduced. Table 7 . Mann-Whitney test of the relationship between area affected by soil erosion and pairs of intervals for ground cover by weeds and litter (grouping variable) corresponding to analyses in Table 6 . This threshold did not reflect effective erosion control. Thus, maize crops with 64% and 77% ground cover by weeds and litter were affected by erosion intensities of class 3 (severe) and 2 (moderate) ( Table 2) , respectively (Figure 8a,b) , categories that do not represent effective erosion control according to Blanco's verification method [26] (Table 2) . Indeed, even the plot with 95% cover did not reduce erosion to class 1 (reduced) intensity, the category that has been considered satisfactory for adequate erosion control, because erosion was still present beneath the dense vegetal cover (Figure 8(c2) ). 
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Discussion
The results obtained show that the threshold of 80% of ground cover by weeds and litter in cultures of maize-bean at 6 months after sowing did not correspond to effective erosion control. In the plots with the highest levels of ground cover, a large proportion of the surface area continued to be affected by soil erosion, at an average of 44.0% in plots with 80 to 100% cover. This figure is well above that observed in agricultural systems that achieve better erosion control results, such as agroforestry coffee systems, where only 10.5% of the soil area is reported to be affected [24] .
The forest canopy changes the kinetic energy of rainfall by altering the size and velocity of the raindrops, and thereby changes the potential for the initiation of splash erosion [36] . The same effect could be expected in the case of crops, that is, the vegetal cover, comprised of the crop canopy cover (maize and bean) and of the ground cover (layer of weeds and litter), would protect the soil against the impact of rainfall and act as a barrier to surface runoff. The results obtained in this study of maize-bean plots at 6 months after sowing show that the soil cover provided by weeds was significantly correlated with the area affected by soil erosion, unlike the cover provided by crop canopy and plant litter. However, the variable that presented the best linear fit with the area affected by soil erosion was that of ground cover by weeds and litter. The litter layer did not correlate independently with the area affected by soil erosion, probably due to its low presence and considerable dispersal over the sampling plots. However, a clear relationship with erosion can be assumed, given that the dependent variable is best explained in terms of total soil cover. In other words, the results obtained highlight the importance of the litter layer in preventing erosion.
Previous studies of erosion in maize and bean cultivation have demonstrated the importance of plant litter ground cover in protecting against splash erosion and increasing resistance to surface water flow [25, 37, 38] . In addition, plant litter is an important source of organic matter, increasing the stability of soil aggregates and enhancing resistance to erosion [39, 40] .
Ground cover by weeds and litter in the maize-bean plots at 6 months after sowing contained a higher proportion of weeds (36.4 ± 4.4%) than of plant litter (13.3 ± 1.9%) ( Table 1) . When focusing solely on cases of maize-bean cultivation with over 80% cover, the differences are even larger. In these cases, plant litter accounts for only 15.7% of total ground cover, compared to 75.5% covered by weeds (Table 8) . These values contrast with those reported in earlier studies of bean cultivation (16.7% and 35.4% weed and litter cover, respectively) [25] and of maize cultivation (0-1.2% weeds and 0-44.2% litter) [37] . Table 8 . Proportions of ground cover by weeds and litter and area affected by soil erosion in maize-bean cultivation plots at 6 months after sowing, with over 80% soil cover.
Sampling Plots
No. The lower proportion of plant litter cover measured in the present study means that the soil was not effectively protected, as erosion was still present under the dense weed cover, while there was little plant litter. Under these conditions, the area affected by soil erosion remained high, because there was no surface litter cover to prevent runoff (Figure 8(c2) ). In short, the increased canopy cover did not compensate for the observed lack of a substantial litter layer.
Ground
The results obtained showed that plant cover at the 3-month stage was lower than at the 6-month stage because this is when the surface presence of weeds was reduced by soil inversion, using hoes. Under these circumstances, the ground cover was insufficient to exert much control over erosion. Moreover, the resulting disturbance of the soil further increased its susceptibility to erosion [25] . In summary, the soil at this stage of the crop cycle was far removed from the ideal conditions for achieving erosion control, which accounts for the greater area affected by soil erosion.
The soil and vegetation management performed in the study area are key factors in explaining the considerable area of soil surface affected by erosion, and the impossibility of establishing an erosion threshold. Labrière et al. [8] and Derpsch et al. [41] argued that special attention should be paid to these factors in order to achieve effective control of erosion in tropical areas.
In the study area, soil loss was slight and widely dispersed during the two sampling periods. Soil loss was only recorded in 29 of the 43 study cases (14 at 3 months and 15 at 6 months). In the remaining plots, there was no erosion in rills and gullies during the sampling periods. Various reasons for this absence of erosion can be suggested. At the 3-month stage, there is a scant presence of rills because the soil is disturbed during tillage; this action eliminates the furrows and gullies that may have formed previously [31] . At the 6-month stage, the large amount of weed cover limits the formation of rills [31] .
Conclusions
The mixed maize-bean crops studied, at 6 months after sowing, presented 15% less surface area affected by erosion than at 3 months after sowing (the eroded areas were 73.5 ± 3.0% and 88.4 ± 1.6%, respectively). The ground cover, consisting of weeds and plant litter, was inversely related to the area affected by soil erosion at 6 months after sowing. However, this factor could not be used to establish an erosion threshold for effective erosion control. Previous research has shown that ground cover by plant litter is the factor that is most strongly associated with reducing the area affected by soil erosion, and that it can be used to establish a useful threshold of erosion. However, the maize-bean crops analysed in this study, with a total ground cover ranging from 80% to 100%, bore a higher proportion of weed cover (75.5%) than of plant litter (15.7%). This low degree of plant litter cover, together with the continuing practice of tillage, explains the high values of area affected by soil erosion in the two crop stages and the impossibility of establishing an erosion threshold in relation to land cover management.
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